Calculations on crystalline organic radicals were performed to establish the ground states of these materials. These calculations show that the radicals may interact, depending on their orientation in the crystal structure. For galvinxoyl, a second structure is proposed which is similar to that of azagalvinoxyl, in which the radicals form pairs. This structure accounts for the anomalous magnetic properties of galvinoxyl at low temperatures. a Z denotes the number of molecules in the unit cell. ∆E[(vV)-(vv)] and Erel in meV/molecule-3.
Introduction
Stable radicals such as the galvinoxyl radical (1), azagalvinoxyl (2) , and the N,N,N′,N′-tetramethyl-p-diaminobenzene radical cation (3) (Scheme 1) have attracted interest for their magnetic properties. Electron spin resonance (ESR) measurements of crystalline galvinoxyl (1) at different temperatures [1] [2] [3] revealed that above 85 K a so-called ferromagnetic phase exists, and at 85 K a phase transition occurs to an antiferromagnetic phase, accompanied by pairing of the spins and concomitantly a decrease in paramagnetism and broadening and decrease of ESR signal. Scanning tunnelling microscopy (STM) measurements on monolayers of galvinoxyl, deposited on a gold [Au(111)] surface, also showed that two different configurations could be formed. 4 One phase is similar to the crystal structure of galvinoxyl, and a second configuration, which was formed after cooling down to 40 K and going back to room temperature, gave distinctly brighter spots in the STM image. These results suggest that a phase transition similar to that in the solid state can also occur on gold in a two-dimensional aggregate layer.
The galvinoxyl (1) radical is not unique in its magnetic behavior in the solid state: similar observations were made for the perchlorate salt of 3: two different crystal structures could be determined and, concomitantly with the phase transition to the low-temperature structure around 190 K, a decrease in spin concentration was observed. [5] [6] [7] [8] [9] Several mechanisms have been proposed to account for this behavior, e.g., the disproportionation of 3 +• into 3 2+ and 3, 10 and dimer formation. 6 Elucidation of the crystal structure of the low-temperature phase 11 ruled out the "mol-ionic" lattice formed by 3 2+ and 3.
In the case of galvinoxyl, dimer formation along the c-axis of the crystal has been put forward to explain the change in magnetism and disappearance of the ESR signal. 1 Unfortunately, only the high-temperature crystal structure has been determined so far, 12 as disintegration of the crystals at the phase transition temperature prevented the crystal structure analysis at lower temperatures. 13 However, a radical dimer with a singlet ground state has been observed in the solid state for the isoelectronic nitrogen analogue of galvinoxyl, azagalvinoxyl (2). 14 A distinct difference between the crystal structure of 1 and that of 2 is that the phenyl rings of 1 are nearly coplanar, and those of 2 are twisted by 47°with respect to each other.
Using temperature-dependent ESR measurements in solution, dimerization enthalpies (∆H dim ) for 1 and 3 have been determined. 15 ∆H dim ) -529 meV (-51.0 kJ/mol) and -307 meV (-29.6 kJ/mol) were found for 1 and 3, respectively, but the dimerization products were not identified. The conclusion that dimerization had taken place was based on the change of the ESR intensity as a function of temperature.
On both 1 and 3 calculations have been performed, [16] [17] [18] [19] and spin-interaction models have been proposed to rationalize the magnetic behavior of these compounds. 10, [16] [17] [18] [19] [20] [21] [22] An important outcome of these studies is that the stacking of the molecules determines the ferro-or antiferromagnetic interaction between the molecules 17 in 1D crystals. GGA calculations on the hightemperature crystal structure of galvinoxyl (1) led to the conclusion that 1 has a ferromagnetic ground state. 18 Here, we report calculations on the high-and low-temperature phases of Wurster's blue perchlorate (3), on the crystal structure of azagalvinoxyl (2) and galvinoxyl (1), backed up by calculations on molecular models for crystalline galvinoxyl. On the basis of these calculations, we propose a second structure for galvinoxyl (1) in which an interaction between the radicals exists. The calculations confirm the earlier propositions that the intermolecular interaction, which governs the ground state, depends on the stacking of the molecules. The proposed second crystal structure of galvinoxyl (1) explains the disappearance of the ESR signal.
Computational Details
The solid state DFT calculations were performed with the Vienna Ab Initio Simulation Package (VASP), 23, 24 using the projector augmented-wave method, 25, 26 and a GGA extension of the local spin density approach (LSDA). The chosen exchange-correlation functional was PBE. 27 The basis set consisted of plane-waves, the cutoff energy was 400 eV, and the augmentation cutoff energy was 645 eV. The calculations on Wurster's blue perchlorate (3) and azagalvinoxyl (2) were performed on their experimentally determined crystal structures, with k-points chosen on a 5 × 5 × 5 Γ-centered Monkhorst-Pack grid. For galvinoxyl (1), the first structure was determined by optimization of the ion positions starting from their experimental ones, while keeping the cell parameters fixed. The second configuration was determined by optimization of both ion positions and cell parameters; all were derived from the experimental positions of azagalvinoxyl (2) . Both optimizations for 1 were performed at the Γ-point only; for the final energy calculations, a 5 × 5 × 5 Γ-centered Monkhorst-Pack grid was used.
The calculations on the molecular models (see text) were performed using GAMESS-UK 28 (PBE/6-31G* geometry optimizations, PBE/6-31G**//PBE/6-31G* single point, and restricted open-shell RMP2 calculations), Dalton 29 (CCSD calculations), and Gaussian03 30 (unrestricted open-shell UMP2, and UMP4, and unrestricted UCCSD calculations). The frozen-core approximation was used in the MP2 and MP4(SDQ) calculations (15/30 for the monomer/dimer); in the CCSD calculations the first 28 orbitals were frozen for the monomer and 54 orbitals for the dimer.
Results

Wurster's Blue Perchlorate (3).
We start our discussion with the results of our calculations on Wurster's blue perchlorate (3), because for this compound both high-(HT) and lowtemperature (LT) crystal structures have been determined. 11, 31 The stacking of the molecules in HT and LT phases differs substantially ( Figure 1 ). The nitrogen atom of one molecule of 3 aligns itself above a carbon atom of a second molecule, and the intermolecular distance decreases upon going to the lowtemperature phase from 3.6 to 3.3 Å.
According to the calculated energies, for the high-temperature phase ( Table 1 ) the ferromagnetic state (vv) has almost the same energy as the antiferromagnetic state (vV) (relative spin as indicated for the dimers in the Figure) . This degeneracy and the distance of the radicals in the crystal (Figure 1 ) indicate that the molecules do not interact strongly. The low-temperature phase is more stable than the high-temperature phase (Table  1) , and in this phase, the (vV) state is significantly lower in energy than the (vv) state. This can be rationalized by the shorter intermolecular distance (Figure 1 ), so that the nitrogen and carbon p-orbitals of two 3 +• molecules can overlap and interact, which results in a preference for the antiferromagnetic (vV) state as the ground state. The energy difference between the (vV) and (vv) state is still small ( Table 1) , and thus the (vv) excited state can be populated thermally.
3.2. Azagalvinoxyl (2). For azagalvinoxyl (2), one crystal structure is known ( Figure 2 ), measured at 193 K. 14 The magnetic susceptibility measurements 32 suggest a singlet ground state, which is confirmed by our PBE calculations ( Table 2) . The antiferromagnetic state is 134.1 meV/molecule-2 more stable than the ferromagnetic state. The interaction between the azagalvinoxyl is caused by the overlap of the p-orbitals on the carbon atoms in the phenyl rings, as indicated in Figure 2 by the solid line. The two molecules cannot form a real bond, presumably due to the steric hindrance of the tert-butyl groups. This crystal structure may serve as a starting point for the search to an antiferromagnetic galvinoxyl (1) phase.
3.3. Galvinoxyl (1). The results of the calculations on the experimental crystal structure (with unit-cell parameters a ) b ) 13.07 Å, c ) 23.12 Å, R ) ) 144.6°, and γ ) 49.1°1 2 ) for the ferro-(vv) and antiferromagnetic (vV) state (Table 3) show that both states have nearly identical energies, and that the ferromagnetic state is slightly favored. These calculations are inline with previously reported results. 18 The distance between -708.6969 0.0 two carbon atoms of different molecules is larger than 4 Å (Figure 3a ), suggesting that the molecules do not interact strongly, which is confirmed by the near-degeneracy of the (vV) and (vv) states. The unpaired electron is delocalized over the molecule, as the spin-population on the atoms suggests: both oxygen atoms possess a spin-population of 0.13 electron, and on the carbon atoms of the phenyl rings, an alternating spin-population starting from CdO of 0.00, 0.07, -0.03, 0.10, and -0.04 electron is found. Optimization starting from a structure derived from that of azagalvinoxyl (2) resulted in a second crystal structure for galvinoxyl (2) . In this structure, the galvinoxyl molecules form pairs (Figure 3b ). The carbon-carbon distance falls to 3.1 Å, and the two atoms approach to an on-top placing. The galvinoxyl molecule itself becomes more twisted: the twist angle between the two phenyl rings increases from 17.3°to 40.3°. The unitcell parameters change considerably in the proposed LTstructure from a ) b ) 13.07 Å, c ) 23.12 Å, R ) ) 144.6°, and γ ) 49.1°1 2 for the HT-structure to a ) 10.5 Å, b ) 12.2 Å, c ) 10.1 Å, R ) 101.7°, ) 92.8°, and γ ) 98.8°.
The energy difference between the (vV)-and (vv)-spincouplings is 46.1 meV/molecule-1, in favor of the (vV) state. If this crystal structure were formed at low temperatures, then the ground state of the galvinoxyl crystal would be ESR silent; the higher lying excited ferromagnetic state could be thermally populated, and might be observed in an ESR experiment.
The spin populations on the phenyl carbon atoms are still alternating: for the phenyl ring that forms the dimer, they vary from CdO 0.00, 0.05, -0.02, 0.08, -0.04 electron, and on the oxygen atom the spin population is 0.11 electron. The spin population on oxygen connected to the other phenyl ring is slightly lower (0.08 electron). In comparison with the spin population obtained for the experimental crystal structure, these values are only slightly reduced.
The energy of the HT structure is, according to the PBE calculations, significantly lower than that of the proposed LT structure (412.6 meV/molecule-1, Table 3 ). This energy difference is large enough that it seems that the proposed LT structure cannot be formed at low temperatures. However, the accuracy of this energy difference calculated at the PBE level is questionable, as shown by calculations on the dimerization reaction of 4 (model for galvinoxyl with the tert-butyl groups replaced by hydrogen) to 1 / 2 5 (dimerization product that is formed when the two radical carbon centers that interact in the proposed LT solid state structure (Figure 3b ) have formed a bond, Scheme 2). At the PBE/6-31G**// PBE/6-31G* level of theory, an energy difference of 324.3 meV/ molecule-4 ( Table 4) is obtained for this model reaction. As can be seen from Table 4 , different theoretical treatments predict different dimerization energies. A considerable difference is found at the MP2 level depending on the zeroth-order treatment of 4 being RHF or UHF. In the latter case, severe spin contamination is found: 〈S 2 〉 ) 2.59 as opposed to the expected value of 0.75. At the UMP4(SDQ)/6-31G** level of theory, the dimerization energy is less exothermic than at the UMP2 level, but still a large discrepancy is found between calculated values and an experimentally determined dimerization enthalpy for galvinoxyl (1) of -264.3 meV/ molecule-1. 15 The coupled cluster dimerization energy of -213.0 meV/molecule-4 is closer to this experimental value. Thus, it can be concluded that the stability of 4 is overestimated by approximately 500 meV/molecule-4 at the PBE/6-31G** level of theory. Therefore, a more elaborate theoretical treatment of 4 is required to obtain reliable dimerization energies, and a correct energy difference between the two crystal structures.
To further estimate the energy difference between the two different crystal structures, the energy difference between the dimers of model 4, one in a structure that matches that of 1 in the HT crystal structure and one in a structure that matches that of 1 in the proposed LT crystal structure, was determined at different levels of theory. The energy differences calculated at the PBE/6-31G** and GVB-1/6-31G** levels of theory have both the same magnitude and suggest that the formation of the dimer is energetically not favorable. They are significantly smaller than the solid state PBE energy difference of 412.6 meV/ molecule-1. This is attributed to the steric hindrance of the tertbutyl groups in 1. However, at the CASPT2/6-31G** (CASS-CF(2,2) reference wave function) level of theory, the dimerization process is slightly exothermic ( Table 5 ). The difference between the PBE and CASPT2 treatments would suggest a relatively small correction of only 200 meV/molecule-4: however, we expect this value to be too small. Following the analogy in the model dimerization process where RMP2 (which is comparable to the CASPT2 treatment in this case) overestimates the stability of 4 (Table 4 ), the energy difference between 4-LT and 4-HT is expected to be larger at a higher level of theory.
According to the solid state calculations, the proposed LTstructure is 412.6 meV per galvinxoyl (1) molecule higher in energy than the HT structure ( Table 3 ). If an ad hoc correction of 500 meV/molecule were applied to correct this energy difference for the overestimation of the stability of the galvinoxyl radical at the PBE level, the LT structure would be predicted to be 87.4 meV/ molecule-1 lower than the HT structure. Thus, it can be concluded that the energy difference between the noninteracting monomer structure (4-HT) and the dimer structure (4-LT) is small, and that the formation of 4-LT is energetically possible. It should be noted that, to get a more reliable estimate of this energy difference, higherlevel calculations are required, which are not computationally feasible at this moment.
The ionization potentials and electron-affinities for both dimers have been calculated using the ∆SCF approach at the PBE/6-31G** level of theory ( Table 6 ). The LT dimer has a higher electron affinity than the HT dimer, whereas the difference between the ionization potentials is negligibly small. This difference in electron affinity will be useful in the experimental verification of the formation of this crystal structure.
Other dimerization or decomposition processes such as formation of a peroxide or hydrogen abstraction, followed by allene and alcohol formation (Scheme 3) were also considered. However, geometry optimization of the peroxide dimer 6 failed at the PBE/6-31G* level: elongation of the peroxide O-O bond occurred until the O-O bond distance reached 1.848 Å and the SCF calculation did not converge; the energy at this point is 745 meV/molecule-1 higher than that of galvinoxyl. The disproportionation of galvinoxyl in hydroxygalvinoxyl (7) and 4,4′-methanediylidene-bis(2,6-di-tert-butylcyclohexa-2,5-dienone) (8) (Scheme 3) via hydrogen transfer is energetically not favored. However, this reaction would become energetically possible, if a correction of 500 meV/molecule-1 is applied. Decomposition to 4,4′-methylenebis(2,6-di-tert-butylcyclohexa-2,5-dienone) (9) and 8 (Scheme 3) is less likely, even if the reaction energy is corrected for the overestimation of the stability of 1. However, the reaction barriers for these hydrogen transfers are expected to be high, due to steric hindrance, and the reactions are expected to be slow, especially at low temperatures.
Conclusions
Calculations on the crystal structures of some organic radicals revealed that these radicals can form pairs in the solid state in which the radical centers interact by direct overlap. For the galvinoxyl (1), a second structure is proposed, which resembles the crystal structure of azagalvinoxyl (2) . In this structure, the galvinoxyl molecules form dimers, with a singlet spin-coupling as the ground state. This structure can account for the anomalous magnetic properties of galvinoxyl at low temperatures (viz. the disappearance of the ESR signal, and the sudden increase in diamagnetism).
